The flow of glyoxylate derived from glycolate into various metabolic routes in the peroxisomes during photorespiration was assessed. Isolated spinach leaf peroxisomes were fed I14CIglycolate in the absence or presence of exogenous glutamate, and the formation of radioactive glyoxylate, C02, glycine, oxalate, and formate was monitored at time intervals. In the absence of glutamate, 80% of the glycolate was consumed within 2 hours and concomitantly glyoxylate accumulated; C02, oxalate, and formate each accounted for less than 5% of the consumed glycolate. In the presence of equal concentration of glutamate, glycolate was metabolized at a similar rate, and glycine together with some glyoxylate accumulated; C02, oxalate, and formate each accounted for an even lesser percentage of the consumed glycolate. CO2 and oxalate were not produced in significant amounts even in the absence of glutamate, unless glycolate had been consumed completely and glyoxylate had accumulated for a prolonged period. These in vitro findings are discussed in relation to the extent of CO2 and oxalate generated in leaf peroxisomes during photorespiration.
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Photorespiration reduces the efficiency of photosynthesis and thus the growth of a plant. Its operation is attributed to the release of CO2 in the oxidation and subsequent metabolism of glycolate generated in photosynthesis (11, 13, 15) . It is now clear that glycolate is first oxidized to glyoxylate catalyzed by glycolate oxidase in the leaf peroxisomes. However, the subsequent fate of glyoxylate is not completely understood. There are at least four different metabolic routes that glyoxylate can follow (Fig. 1) . (a) Glyoxylate can go through the glycolate pathway to produce, in successive reactions, glycine, serine, hydroxypyruvate, and glycerate (13) . (b) Glyoxylate can react with H202 nonenzymically to produce CO2 and formate; H202 is produced by the glycolate oxidase reaction and some of the H202 is supposed to escape destruction by catalase within the peroxisomes (5, 6) . (c) Being a substrate analog of glycolate, glyoxylate can be oxidized to oxalate catalyzed by glycolate oxidase (12) . (d) Glyoxylate can move to the chloroplast where it is either decarboxylated (15) or reduced to glycolate (13 glycine. Theoretically, the amino groups in the glycolate pathway are self-regenerated. However, the NH3 and serine generated in the mitochondrial oxidation of glycine may be required for other metabolic events and thus would not be available directly for the glycolate pathway. Since glyoxylate metabolism leads eventually to the CO2 generated in photorespiration, information on the relative percentage of glyoxylate flowing into each of the various routes is valuable to our understanding of photorespiration.
To obtain such information, we have used isolated peroxisomes to perform time-course experiments on the subsequent metabolism of glyoxylate generated from glycolate. The presence or absence of glutamate as an amino group donor in controlling the flcw of glyoxylate into other metabolites has been assessed. Emphasis has been placed on elucidating the significance of CO2 and oxalate production in the peroxisomes.
MATERIALS AND METHODS
Plant Materials and Preparation of Leaf Peroxisomes. Market spinach (Spinacia oleracea L.) was obtained locally. The preparation of leaf peroxisomes followed essentially the method described earlier (8) . Briefly, the particulate fraction obtained between centrifugation forces of l,000g for 10 min and 10,000g for 10 min was subjected to equilibrium linear sucrose gradient (30-60%o w/w) centrifugation. The sucrose gradient contained I mM K-phosphate (pH 7.5) instead of EDTA.
Glycolate Metabolism in Peroxisomes. The reaction was allowed to proceed at room temperature in a plastic well attached to a handle (Kontes Corp., Vineland, NJ). The well was hung in a glass vial (19 x 48 mm) above a piece of folded 2-x 2-cm filter paper soaked with 50 ,lI of 2 N KOH solution, and the vial was covered with a rubber cap (Kontes Corp.). The reaction mixture contained, in a final volume of 250 ,Il, 50 mm K-phosphate (pH The glass vial, together with the filter paper and absorbed C02, was subjected to scintillation counting. The reaction mixture, now at about pH 3.0, was layered onto a column (I x 6 cm) of Dowex- 50 H+, and the column was washed with 50 ml H20. The effluent (organic acid fraction) was neutralized with 2 N NaOH using a drop of phenol red solution (100 mg dissolved in 5.7 ml 0.05 N NaOH and made to 100 ml with water) as an indicator, and then it was evaporated to dryness at 40 C with a rotary evaporator. The (Fig. 3) (Fig. 3) was obtained in a similar experiment using, instead of uniformly labeled glycolate, glycolate in which only the C-l was labeled (Fig. 4) . In the absence or presence of glutamate, similar data were obtained on the percentage distribution of glycolate, glyoxylate, glycine, and oxalate. The difference was in the amounts of CO2 and formate produced. With C-1-labeled glycolate, no radioactive formate was produced, and the percentage of radioactive CO2 released was doubled (cf. Figs. 3 and 4) . Such a labeling pattern is consistent with the several possible routes of glyoxylate metabolism in the leaf peroxisomes (Fig. 1) .
Formation of Oxalate in Isolated Leaf Peroxisomes. During the 3-h incubation of isolated leaf peroxisomes with radioactive glycolate, less than 5% of the metabolized glycolate was converted to oxalate. In each of the four expenmental conditions (i.e., using either 1l,2-14CJglycolate or in the absence or presence of glutamate), there was an increasing accumulation of oxalate during the incubation periods (Figs. 3 and 4) . This increase may be due to the decreasing amount of glycolate and the increasing amount of glyoxylate in the reaction medium, two conditions that would favor the competition at the active site of glycolate oxidase by glyoxylate to form oxalate (11) . To investigate the above possibility, the experimental period was prolonged to 15 h (Table I ). In the absence of glutamate after a 2-h incubation, 22% of glycolate remained, and glyoxylate and oxalate accounted for 72% and less than 1%, respectively, of the total radioactivity. After 15 h, essentially all of the remaining glycolate and the accumulated glyoxylate had been converted to oxalate (67%) and CO2 (25%). Presumably, the increased CO2 release was due to oxidation of the accumulated glyoxylate by H202 produced in oxalate formation (Fig. 1) . In the presence of glutamate, a similar trend of increased production of oxalate and CO2 was observed on prolonged incubation (Table I ), but the increase was much less dramatic since most of the glycolate carbon had been converted to glycine.
In the fungus Sclerotium rolfsii (10), oxalate is produced in the peroxisomes by a glyoxylate dehydrogenase (glyoxylate:NAD oxidoreductase). Using isolated peroxisomes or commercially purified hydroxypyruvate reductase (Boehringer-Mannheim) from spinach leaves, we failed to detect the activity of the above enzyme at pH 7.5 and 8.7. DISCUSSION Our findings indicate that in isolated leaf peroxisomes supplied with adequate amino acid, most of the glycolate is metabolized to glycine in the peroxisomes. Only a few percent of the glycolate is decarboxylated to CO2 in the organelles. In the absence of an adequate supply of amino acid, the amount of peroxisomal CO2 released is still relatively small. It was reported that some glyoxylate generated from glycolate is converted to CO2 directly in the peroxisomes (5, 6) . In these reports, little information was provided on the kinetics and percentage of CO2 formed in relation to other metabolites. Such detailed analyses of the related metabolites are important. For example, when leaf peroxisomes were incubated with radioactive glycolate in the absence of glutamate (Table I) , if only CO2 formation was monitored, its value could be from 5% in 2 h to 26% in 15 h. The variation depended on the duration of the incubation period or the amount of peroxisomes used. On prolonged incubation, the decarboxylation of glyoxylate was enhanced (Table I) , presumably by some of the H202 generated during oxalate formation. It seems unlikely, however, that glyoxylate as a very reactive metabolite, can accumulate to a high amount in vivo without being consumed in other metabolic reactions. These other metabolic reactions include light dependent decarboxylation (15) or reduction to glycolate catalyzed by NADP:glyoxylate reductase (13), both of which occur at high activities in the chloroplast. It should be valid that the peroxisomal decarboxylation of glyoxylate is affected by environmental factors (5, 6); nevertheless, the magnitude of the peroxisomal decarboxylation would represent only a small percentage of the glycolate carbon passing through the glycolate pathway.
Several plant species, including spinach, accumulate oxalate to more than 10%o of the total leaf dry weight (1, 4) . Since oxalate is supposed to serve no metabolic role once it is formed (1), the drainage of organic carbon into oxalate represents a severe waste. There are several metabolic pathways of oxalate biosynthesis (4, 12, 14) , and one of them is by the route ofglycolate and glyoxylate. Purified glycolate oxidase can catalyze the oxidation of glyoxylate to oxalate in vitro (12) . Green leaves in vivo convert externally
